Abstract: PCR amplification techniques viz., repetitive DNA element PCR (REP-PCR), short tandemly repeated repetitive PCR (STRR-PCR) and arbitrarily primed PCR (RAPD-PCR) were used for the taxonomic discrimination among the strains of the unicellular cyanobacterium Synechococcus elongatus collected across the coastal regions of the Indian subcontinent. These strains showed similar phenotypic and genotypic characteristics. Data obtained from genomic fingerprinting were used to perform cluster analysis and demonstrated ability to differentiate strains at intra-specific level. Polymorphisms of different PCR amplification products can serve as strain-specific molecular fingerprints. In comparison with the STRR and RAPD, the REP primer set generates fingerprints of lower complexity, but still the phenogram clearly differentiated the strains. In conclusion, described PCR fingerprinting methods can be considered as promising tools for the differentiation at the strain level of cyanobacteria from the same species.
Introduction
The genus Synechococcus is a provisional taxon including unicellular coccoid to rod-shaped microorganisms lacking structured sheaths, occupy an important position at the base of the marine food web: they are among the most abundant members of the picoplankton in the open ocean, and their contribution to primary production has been estimated to be 5 to 30 % (Waterbury et al. 1986 ). Marine Synechococcus species possess a number of unique biological properties not found in any other cyanobacterial group. These include the ability of some strains to swim by a novel mechanism (Waterbury et al. 1985) , the ability to acquire major nutrients and trace metals at the submicromolar concentrations found in the oligotrophic ocean, and the ability to synthesize unique photosynthetic pigments (Alberte et al. 1984; Ong & Glazer 1987) . The Synechococcus group has been divided into six clusters based mainly on the habitat (marine or freshwater) and the mole percentage G+C content of DNA, named the Cyanobacterium cluster, the Cyanobium cluster, the Synechococcus cluster, and marine clusters A, B, and C (Waterbury & Rippka 1989) .
Genetic diversity in marine cluster A Synechococcus strains has been examined in a few strains using 16S rDNA sequences (Urbach et al. 1998 ) and more extensively using rpoC1 sequences (Toledo & Palenik 1997; Toledo et al. 1999) . Using rpoC1, a collection of strains from the California Current could be divided into two lineages consistent with their high or low phycourobilin amounts. However, each of these lineages was distinct from the typical laboratory model high-and low phycourobilin strains (WH 8130 and WH 7803, respectively) suggesting that pigment content alone may not resolve the multiple ecotypes of marine cluster A Synechococcus. Motility, however, does appear to be correlated with phylogeny, as all motile isolates characterized to date are closely related (Toledo et al. 1999) . Another recently described clade consists of strains whose members are capable of altering their pigment content in response to light quality in an acclimation process known as chromatic adaptation (Palenik 2001) . The marine clusters A, B, and C have recently been reclassified. Marine clusters A and B are now combined into two subclusters within Synechococcus cluster 5 (Herdman et al. 2001) . It has thus been suggested that since these organisms are phylogenetically diverse they should be reclassified into several independent taxonomic units (Honda et al. 1999; Robertson et al. 2001) .
For a variety of reasons, precise identification of cyanobacteria by classical bacteriological criteria is difficult (Castenholz & Waterbury 1989; Rippka et al. 1979 ), but a number of different PCR based strategies for the genetic characterization of strains, or environmental samples are now available (Laloui et al. 2002) . Characteristic DNA profiles can be obtained by using short oligonucleotide primers of arbitrary sequences (RAPD fingerprinting) (Neilan 1995; Prabina et al. 2005) or primers corresponding to interspersed repetitive sequences (REP-PCR fingerprinting) and/or short tandemly repeated repetitive sequences (STRR-PCR fingerprinting) (Rasmussen & Svenning 1998; Zheng et al. 1999; Wilson et al. 2000; Zheng et al. 2002; Selvakumar & Gopalaswamy 2008; . The presence and highly conserved status of repetitive sequences in the genome of microorganisms make them methodologically important tools for identification and diversity studies (De Bruijn 1992; Lupski & Weinstock 1992; Rouhiainen et al. 1995; Rasmussen & Svenning 1998) .
The relationship of Synechococcus strains from diversified habitats with the members of the genus Prochlorococcus based on 16S rRNA (Urbach et al. 1998; Honda et al. 1999; Robertson et al. 2001) Internal Transcribed Spacer (ITS) (Laloui et al. 2002) and rpoC1 (Toledo & Palenik 1997; Ma et al. 2004 ) gene sequence analysis have already been well documented. Here we describe the applicability of STRR-PCR, REP-PCR and RAPD-PCR fingerprinting for the strain level differentiation of the unicellular marine cyanobacterium Synechococcus elongatus collected across the coastal regions, available at the germplasm of National Facility for Marine Cyanobacteria, Bharathidasan University, Tiruchirappalli -620 024, India. These strains were already reported to have a similar tRNA fMet group I introns (∼280 bp) and shared common morphological and biochemical features . The objective of the present study was to test the suitability of different PCR based methods for strain level differentiation of Synechococcus elongatus.
Material and methods
Axenic culture of Synechococcus elongatus strains BDU 30312, BDU 70542, BDU 130912, BDU 140431, BDU 141741 and BDU 142311were obtained from the culture collection of the National Facility for Marine Cyanobacteria (NFMC), Bharathidasan University, Tiruchirappalli, India. All strains were identified morphologically at species level. All S. elongatus strains shared common morphological and biochemical traits and had been previously characterized (Thajuddin & Subramanian 1992; . The cultures were grown in constant light intensity (50 µE m −2 S −1 ) for up to 7 days at 25
• C in ASN III medium .
Total genomic DNA was prepared from the six S. elongatus strains by the method of Neilan (1995) and used as a template in PCR fingerprinting. The design and synthesis of the REP and STRR based oligonucleotide primers have been described in detail by Versalovic et al. (1991) and Rasmussen & Svenning (1998) respectively. RAPD PCR fingerprinting was performed using the single primer CRA 22 (5-CCGCAGCCAA-3) (Neilan 1995) . The primers were synthesized by XDT Technologies (Germany). All PCR reactions were carried out in a 50-µL volume containing 1 µL (50 pmol) of each primer, 1 µL of 1.25 mM of dNTPs, 1 µL (50 ng) of cyanobacterial DNA and 1 U of DyNAzyme DNA polymerase (Finnzymes, Espoo, Finland). The buffer supplied with the enzyme was used according to the manufacturer's directions.
The amplifications were performed with DNA thermal cycler (Eppendorf Matercycler Gradient, Germany). The PCR conditions for the arbitrary primer CRA 22 was as specified by Neilan (1995) . The cycling conditions for STRR and REP-PCR differ in annealing temperature. The PCR cycles for both STRR and REP primers were: one cycle at 95
• C for 7 min, 30 cycles at 94
• C for 1 min, 56
• C for 1 min (STRR) or 40
• C for 1 min (REP) and 65
• C, 5 min, followed by a single final extension step at 65
• C for 16 min. After the reaction was completed, 10-µL of amplified DNA was separated on 1.2% low melting agarose (Sigma, USA), stained with ethidium bromide and recorded using a CCD camera in Alpha Imager (Alpha Innotech, USA). A ready to use DNA size standard supplied with DyNAzyme TM II DNA polymerase kit (Finnzymes, Espoo, Finland) was included in all gels. All PCR reactions were repeated at least three independent times.
The DNA fingerprints of isolates obtained by STRR, REP-PCR and RAPD were detected by visual inspection of the banding pattern. The presence or absence of a band at any position on the gel was used to construct a twodimensional binary matrix for the cyanobacterial strains tested. Genetic distances between strains were calculated by using the algorithm of Nei & Li (1979) as provided in the RAPDistance Software package (Armstrong et al. 1994) . A pair wise comparison of genetic distances for all cyanobacterial patterns was used to create a phenogram based on the neighbor-joining method with the MEGA analysis platform (Kumar et al. 2004) .
Results
In amplification reactions with STRR 1A primer, the number of polymorphic DNA fragments ranged from 8 to 16 per strain while the total number of polymorphic bands used for cluster analysis was 28. Identical fragments for all strains were also detected. The amplified DNA products ranging in size from approximately 4,260 to 170 bp (Fig. 1a) . The banding patterns were diverse and strain specific. All strains shared bands at positions 2,210 and 530 bp, whereas the strain (BDU 303012) showed major conserved bands at about 2,830 and 1,620 bp.
Fingerprints obtained with the inverted primer STRR1B were less complex than those obtained by STRR1A. A total of 32 polymorphic DNA bands with a size range of about 3,350 to 120 bp were produced (Fig. 1b) . Each of the strains yielded very distinct fingerprints with common band at 720. All except for the strains BDU 141741 and BDU 90542 shared bands at 1,530 and 1,030. Phenogram in Fig. 1c was generated from combined STRR1A and STRR1B-PCR data sets. The higher number of polymorphic bands used for cluster analysis enabled more reliable grouping of the strains, as well as higher degree of differentiation among the strains. The phenogram showed that all strains tested could be divided into two distinct groups. Strains (BDU 70542 and BDU 130912) and strains (BDU 142311 and BDU 140431) were clustered sep- arately and the other strain (BDU 30312) was found within the first major cluster. Even though, the amplification reactions with the degenerate REP-primers generated fingerprints of lower complexity, several intense and very discriminative bands were detected (Fig. 2a) . The amplified products ranging in size from 3,820 to 230 bp. Compared with STRR-primers, the REP-primers generated a large number of polymorphic bands longer than 1,060 bp. Although REP-PCR amplification generated fingerprint patterns having approximately 9 to 14 bands per strain, only one product at 1,060 bp was generated from S. elongatus BDU 70542 (Fig. 2a, lane 5) , which was shared by other strains (BDU 30312, BDU 140431, and BDU 141741) also. The total number of fragments used for the construction of dendogram was 24. The phenogram (Fig. 2b) showed that two major clusters were formed. Strains (BDU 140431, BDU 141741 and BDU 142311) formed a distinct cluster, whereas the strains (BDU 30312 and BDU 130912) formed the second cluster and the strain BDU 70542 was clearly separated from all the other strains.
The primer used for RAPD fingerprinting in this study was selected based on the previous work of Neilan (1995) on unicellular toxigenic cyanobacteria. From the six S. elongatus strains tested, 30 reproducible RAPD fingerprinting patterns were obtained from CRA22 primer. Depending on the strains, 8 to 18 bands were observed for the primer tested. Each band was considered a genetic marker for the strain from which it was amplified. The bands obtained ranged in size from 3,900 to 220 bp (Fig. 3a) . Band of molecular size 400 bp was found in all the strains tested, whereas the bands at 1,860 and 650 were shared by all except for the strain BDU 70542. Co-migrating bands were recorded as similar markers but were not sequenced or probed for further identification. Amplified fragments of molecular sizes 3,780 and 2,520 bp were unique to S. elongatus BDU 130912 strain, whereas, bands of molecular sizes 2,200 and 1,430 were unique to S. elongatus BDU 30312 strain. The RAPD-PCR generated a large number of polymorphic bands. Among the 30 fragments used for the construction of phenogram, 20 were detected in the range of 3,900 to 1,000 bp. The data produced, for the CRA22 primer from six strains of S. elongatus, were used to calculate genetic distances, and by pair wise comparisons (data not shown) the phenogram in Fig. 3b was constructed. The result showed that all strains tested were grouped into two major clusters. Strains BDU 141741, BDU 70542, BDU 130912 and BDU 140431 formed the first cluster and strains BDU 142311 and BDU 30312 the second cluster.
Discussion
The use of PCR fingerprinting with primers derived from repetitive sequences is a common approach for studying the genetic diversity of microorganisms (Versalovic et al. 1991 ) and so far it represents one of the most sensitive methods for distinguishing between closely related strains. Because of their presence in a large number of cyanobacterial strains in highly repeated forms, the STRR sequences constitute a powerful tool for taxonomic studies (Mazel et al. 1990 ). So far, the STRR fingerprinting has only been successfully used for studying the genetic diversity of symbiotic and free living cyanobacteria from Gunnera, Azolla and Cycads (Rasmussen & Svenning 1998; Zheng et al. 1999; Guevara et al. 2002; Zheng et al. 2002; Sood et al. 2008 ) and also for stress tolerant Westiellopsis (Selvakumar & Gopalaswamy 2008) . However, the present study showed that the STRR-PCR fingerprinting method is suitable for the strain level differentiation and clustering of the unicellular marine cyanobacterium Synechococcus elongatus. A previous study by Rasmussen & Svenning (1998) to evaluate the use of STRR sequences in fingerprinting non-heterocystous cyanobacteria, including two unicellular (Synechococcus strain PCC 6301 -reference strain of the Synechococcus cluster and Synechocystis strain PCC 6803) and three filamentous (Plectonema strain PCC 73110, Microcoleus strain PCC 8002, and Phormidium) gave multiple distinct PCR products, suggesting that this technique might be applicable to fingerprint unicellular cyanobacteria. The STRR elements were found in some strains of the non-heterocystous unicellular cyanobac-terium Microcystis, although it was concluded that few copies are present in the genome (Rouhiainen et al. 1995) . Katayama et al. (2002) identified a number of tandem repeats and identical repeat units in completed cyanobacterial genomes. The distinct clustering of the strains tested (Fig. 1c) into two separate sections for the combined STRR1A and STRR1B data sets demonstrated the discriminatory power of both primers as observed by Rasmussen & Svenning (1998) .
REP-PCR with degenerate primers based on the REP element, has previously been shown to be sensitive in detecting minor differences among strains of the same bacterial genus and species (Versalovic et al. 1991; De Bruijn 1992; Georghiou et al. 1995) . The technique is easy to perform and can be applied to large or small numbers of isolates. REP-PCR shows broader species applicability and better discriminatory power than either plasmid profiling or genomic fingerprinting (Georghiou et al. 1995) . REP-PCR has considerably better discriminatory power than restriction analysis of the 16S rRNA gene or the 16S-23S spacer region (Appuhamy et al. 1997) . Versalovic et al. (1991) screened various bacteria for the presence of these repetitive sequences and it was shown that only the ERIC sequence was present in cyanobacteria, represented by Anabaena sp. But in a previous study (Rasmussen & Svenning 1998) , it was shown that both ERIC and REP derived oligonucleotides produced fingerprints of both heterocystous and non-heterocystous cyanobacteria. In this study, REP-PCR demonstrated a higher discriminatory power and the results obtained were comparable to those obtained by STRR-PCR. Among the strains tested, all of them are differentiated from each other and formed distinct clusters (Fig. 2b) .
The PCR-based RAPD fingerprinting technique of utilizing arbitrary oligonucleotides to prime DNA synthesis at low annealing temperatures to divulge genomic diversity is a particularly powerful typing method. Unlike the traditional PCR analysis, which requires specific knowledge of sequences, RAPD does not require any specific knowledge of the DNA sequences of the target organism. This makes it a tool of great power and general applicability. It has been shown that as few as three primers used separately provide enough polymorphic information to identify species of the symbiotic genus Anabaena and to create a phylogenetic tree with topology similar to that derived with 22 primers (van Coppenhole et al. 1993) . Similarly, a single 10-mer and 8-mer proved sufficient for distinguishing among 31 symbiotic cyanobacterial strains of Phaeoceros sp. (West & Adams 1997) . In this study, we report the application of the RAPD technique to the differentiation of strains of S. elongatus. The results of the present study indicated the potential use of RAPD markers as a rapid method to detect genetic variation and the genetic relatedness of the cyanobacterial strains at the level of DNA. This is consistent with previous study demonstrating the genetic purity of strains in the cyanobacterial inoculum (Prabina et al. 2005) . The results (Fig. 3a) of this comprehensive study showed that RAPD generated a large number of polymorphic DNA bands compared to STRR and REP-PCR fingerprinting and resulted in the clear discrimination of strains tested, as demonstrated by Neilan (1995) for the discrimination of toxigenic Microcystis strains. The strains used in this study were axenic cultures, as the described PCR fingerprinting methods would be altered by the presence of any contaminating microorganisms.
The results of this study show that STRR-PCR, RAPD-PCR and REP-PCR fingerprinting methods can reliably differentiate at the strain level of cyanobacteria from the same species. Therefore, these methods are well suited for fast and accurate strain identification, and are an alternative and complementary approach to the traditional methods for studying cyanobacterial systematic.
